rus magnetic resonance spectroscopy ( 31 P-MRS)-based evidence suggests that in vivo peak mitochondrial respiration rate in young untrained adults is limited by the intrinsic mitochondrial capacity of ATP synthesis, it remains unknown whether a large, locally targeted increase in convective O 2 delivery would alter this interpretation. Consequently, we examined the effect of superimposing reactive hyperemia (RH), induced by a period of brief ischemia during the last minute of exercise, on oxygen delivery and mitochondrial function in the calf muscle of nine young adults compared with free-flow conditions (FF). To this aim, we used an integrative experimental approach combining 31 P-MRS, Doppler ultrasound imaging, and near-infrared spectroscopy. Limb blood flow [area under the curve (AUC), 1.4 Ϯ 0.8 liters in FF and 2.5 Ϯ 0.3 liters in RH, P Ͻ 0.01] and convective O 2 delivery (AUC, 0.30 Ϯ 0.16 liters in FF and 0.54 Ϯ 0.05 liters in RH, P Ͻ 0.01), were significantly increased in RH compared with FF. RH was also associated with significantly higher capillary blood flow (P Ͻ 0.05) and faster tissue reoxygenation mean response times (70 Ϯ 15 s in FF and 24 Ϯ 15 s in RH, P Ͻ 0.05). This resulted in a 43% increase in estimated peak mitochondrial ATP synthesis rate (29 Ϯ 13 mM/min in FF and 41 Ϯ 14 mM/min in RH, P Ͻ 0.05) whereas the phosphocreatine (PCr) recovery time constant in RH was not significantly different (P ϭ 0.22). This comprehensive assessment of local skeletal muscle O 2 availability and utilization in untrained subjects reveals that mitochondrial function, assessed in vivo by 31 P-MRS, is limited by convective O 2 delivery rather than an intrinsic mitochondrial limitation.
31 P-MRS; muscle energetics; PCr recovery kinetics; O2 delivery; mitochondrial function THE ADVENT of 31 P magnetic resonance spectroscopy ( 31 P-MRS) has offered a unique opportunity to assess skeletal muscle mitochondrial function noninvasively in vivo. Indeed, it has been documented that the recovery of PCr is almost exclusively oxidative in human muscle (16, 44) . Thus, using appropriate models of mitochondrial control, peak rates of oxidative ATP synthesis in vivo (V max ) can be estimated from the kinetic analysis of postexercise PCr resynthesis (28, 49) . Likewise, provided that end exercise [PCr] and pH do not differ significantly, the PCr recovery time constant can be used as a measure of mitochondrial function (21, 37) . In support of the use of 31 P-MRS, these indexes are well-correlated with skeletal muscle citrate synthase activity measured in vitro (32, 37, 41) , the maximal rate of O 2 consumption measured by high-resolution respirometry in isolated mitochondria (31) , and permeabilized fibers (6) .
It should, however, be noted that in addition to mitochondrial function and density, PCr recovery and the peak rates of oxidative ATP synthesis (V max ) in vivo are sensitive to O 2 availability (32, 37, 41) . Indeed, unlike sedentary subjects (22, 34) , it has been previously documented that an enhanced O 2 availability to the muscle induced by higher fractions of inspired O 2 (FI O 2 ϭ 1.0) resulted in improved mitochondrial function (20) in endurance-trained athletes. Together, utilizing the 31 P-MRS approach, these findings indicate that O 2 availability limits mitochondrial respiration rate in athletes whereas sedentary subjects may be mainly limited by the intrinsic mitochondrial capacity of ATP synthesis in vivo.
In contrast to alterations in FI O 2 , which raise O 2 availability by increasing the carriage of O 2 systemically, circulatory occlusion and the subsequent reactive hyperemia (RH) is an experimental model that can locally and more substantially elevate convective O 2 transport upon cuff release (46) . Interestingly, prior studies have documented differing effects on the kinetics of O 2 consumption (V O 2 ) at the onset of exercise when increasing O 2 transport with hyperoxic mixtures (55) or RH (13) . The RH technique for manipulating O 2 availability could, therefore, provide new insight into the role of convective O 2 delivery in terms of limiting skeletal muscle mitochondrial function.
Therefore, the purpose of the present study was to utilize an integrative approach combining 31 P-MRS, near-infrared spectroscopy (NIRS), and Doppler ultrasound to determine if mitochondrial function, measured in vivo, is limited by O 2 delivery or intrinsic mitochondrial capacity of ATP synthesis in young untrained individuals. To this aim, we examined whether a period of brief ischemia during exercise followed by RH would affect limb and capillary blood flow, tissue reoxygenation, and in vivo mitochondrial function in young untrained subjects. Based upon prior studies documenting a faster V O 2 onset kinetics during a second exercise bout preceded by muscle contractions under ischemic conditions (13), we hypothesized that improved convective O 2 delivery and capillary blood flow induced by superimposing RH at the offset of exercise would, even in untrained subjects, accelerate tissue reoxygenation and ultimately result in a higher peak mitochondrial ATP synthesis rate in vivo.
METHODS

Subjects.
Following informed consent procedures, nine healthy untrained male subjects participated in this study ( Table 1) . The study was approved by the Human Research Protection Program of the University of Utah and the Salt Lake City Veterans Affairs Medical Center.
Exercise protocol. After familiarization, individual maximum work rate (WRmax) was determined by performing incremental dynamic plantar flexion exercise until exhaustion. On separate days, subjects performed constant-load submaximal plantar flexion at ϳ40% of WRmax (frequency of 1 Hz) either under conditions of free flow (FF) or RH induced by a cuff occlusion during the last minute of exercise in the whole body MRI system (TimTrio 3T, Siemens Medical Systems, Erlangen, Germany). Specifically, after 2 min of rest, subjects exercised for 5 min followed by 5 min of recovery. In RH, minute 4 to 5 was performed under ischemic conditions (Fig. 1) . A blood pressure cuff was rapidly inflated to 250 mmHg to induce an arterial occlusion of the popliteal artery distal to the placement of the ultrasound Doppler probe and proximal from the surface coil. The sequence of the two conditions was balanced to minimize any potential ordering effects. In a subset of five subjects, this protocol was repeated on separate days to measure limb and capillary blood flow as well as tissue oxygenation using Doppler ultrasound imaging and near-infrared spectroscopy (NIRS). Prior to initiation of this protocol, blood samples were collected to perform a complete blood cell count.
31 P MRS. MRS was performed using a clinical 3T MRI system (Tim-Trio, Siemens Medical Solutions) operating at 49.9 MHz for 31 P resonance. 31 P MRS data were acquired with a dual 31 P-1 H surface coil with linear polarization (Rapid Biomedical, Rimpar, Germany) positioned around the calf at its maximum diameter. The 31 P singleloop coil diameter was 125 mm surrounding a 110-mm 1 H coil loop. After a three-plane scout imaging, advanced localized volume shimming was performed. Before each experiment, three fully relaxed spectra were acquired at rest with 3 averages per spectrum and a repetition time of 30 s. Then, MRS data acquisitions were performed throughout the rest-exercise-recovery protocol using a free induction decay (FID) pulse sequence with a 2.56-ms adiabatic half-passage excitation RF pulse and the following parameters (repetition time ϭ 2 s, receiver bandwidth ϭ 5 kHz, 1,024 data points, and 3 averages per spectrum). We quantified saturation factors from the comparison of fully relaxed (TR ϭ 30 s) and partially relaxed spectra (TR ϭ 2s).
As previously described (33) ) and assuming that phosphocreatine represents 85% of the total creatine content (29) . The resting concentrations were calculated from the average peak areas of the three relaxed spectra (TR ϭ 30 s; N ϭ 3) recorded at rest and assuming a 8.2 mM ATP concentration at rest. When Pi splitting was evident, the pH corresponding to each Pi pool was calculated separately as pH 1 and pH2 on the basis of the chemical shift of each peak relative to PCr. The overall muscle pH was then calculated as pH ϭ pH1·(areaPi1/total Pi area) ϩ pH2·(areaPi2/total Pi area).
Popliteal blood flow. Measurements of popliteal artery blood velocity and vessel diameter were performed in the popliteal fossa of the exercising leg proximal to the branching of the medial inferior genicular artery with a Logic 7 Doppler ultrasound system (General Electric Medical Systems, Milwaukee, WI). The ultrasound system was equipped with a linear transducer operating at an imaging frequency of 10 MHz. Vessel diameter was determined at a perpendicular angle along the central axis of the scanned area. Blood velocity was measured using the same transducer with a frequency of 5 MHz. All blood velocity measurements were obtained with the probes appropriately positioned to maintain an insonation angle of 60°or less. The sample volume was maximized according to vessel size and was centered within the vessel. Arterial diameter was measured off-line every 12 s using automated edge-detection software (Medical Imaging Applications, Coralville, IA), and mean velocity (Vmean) (angle corrected, and intensity-weighted area under the curve) was automatically calculated beat by beat (Logic 7). Using arterial diameter and Vmean, blood flow in the popliteal artery was calculated as blood flow ϭ Vmean· (vessel diameter/2) 2 ·60, where blood flow is in milliliters per minute. Mean arterial pressure (MAP), heart rate, (8) . O2 delivery was then computed as the product of CaO2 and popliteal artery blood flow.
Muscle oxygenation and capillary blood flow. Muscle oxygenation was assessed using the NIRS technique, which provides continuous, noninvasive measurements of oxygenated (HbO 2), deoxygenated (HHb), and total (Hbtot) hemoglobin levels as well as tissue oxygenation (TOI, i.e., HbO2/Hbtot). Due to identical spectral characteristics, hemoglobin and myoglobin are not separated using NIRS. However, considering the ratio of Mb to Hb concentrations in human muscle, the signal is usually considered as being derived mainly from Hb (43) . In the present study, changes in muscle oxygenation of the right gastrocnemius muscle were continuously monitored at 2 Hz using a near-infrared frequency resolved spectroscopy oximeter (Oxiplex TS, ISS). The probe was positioned at the level of the largest circumference of the medial gastrocnemius and secured with Velcro straps and biadhesive tape. NIRS uses intensity-modulated light and the probe consisted of eight infrared light sources (4 emitting at 690 nm and 4 emitting at 830 nm) and one detection channel including a selected light detector (photomultiplier tube), thus providing a measurement of absorption and the scattering coefficient of the tissues.
The estimated capillary blood flow response following the offset of exercise was calculated from a modified version of the method proposed by Ferreira et al. (15, 19) using the kinetics of muscle O 2 consumption and the HHb data. Specifically, the PCr resynthesis rate, which is derived almost exclusively from oxidative phosphorylation (44) , was used as an index of muscle O 2 consumption. Then, as the HHb response determined by NIRS is considered to reflect muscle capillary O2 extraction (i.e., CaO2 Ϫ CvO2) (11, 17) , and based upon the Fick equation, the temporal characteristics of capillary blood flow were estimated using the PCr resynthesis rate to HHb ratio.
Data analysis. The PCr, HHb, and TOI recovery kinetics were determined by fitting the time-dependent changes during the recovery period to a single-exponential curve described by the following equation:
where Yend is the level of [PCr], HHb, or TOI measured at end-ofexercise and Yres refers to the amount of PCr resynthesized or the resaturation during the recovery. Unlike TOI or HHb, there is no time delay (TD) in the resynthesis of PCr and therefore TD was fixed to 0 for PCr kinetics. Then, the initial rate of PCr resynthesis (Vi PCr) was calculated from the derivative of Eq. 1 at time 0:
in which ⌬[PCr] represents the amount of PCr resynthesized during the recovery, and the rate constant k ϭ 1/ (28). Then, peak rates of oxidative ATP synthesis in vivo (V max in mM/min) was calculated using the initial rate of PCr synthesis (ViPCr) during the recovery period and [ADP] obtained at the end of exercise as previously described (50):
in which Km (the [ADP] at half the highest oxidation rate) is 30 M in skeletal muscle (28) . Model variables were determined with an iterative process by minimizing the sum of squared residuals (RSS) between the fitted function and the observed values. Goodness of fit was assessed by visual inspection of the residual plot and the frequency plot distribution of the residuals, Chi square values, and the coefficient of determination (r 2 ) calculated as follows (38):
where SSreg is the sum of squares of the residuals from the fit and SStot is the sum of squares of the residuals from the mean. In a subset of subjects demonstrating the greatest drop in pH (n ϭ 6), we determined that a single-exponential function rather than a double-exponential function (24) provided the best fit of PCr recovery kinetics. Statistical analysis. The assessment of differences between FF and RH was performed with either paired t-tests or nonparametric Wilcoxon tests, where appropriate (Statsoft, version 5.5; Statistica, Tulsa, OK). Popliteal blood flow, vascular conductance, convective O 2 delivery, capillary blood flow, and TOI cumulative area under the curve (AUC) were calculated as the summed second-by-second response during the first 180 s of recovery and used to identify how differences over time were affected by the treatment. Statistical significance was accepted at P Ͻ 0.05. Results are presented as means Ϯ SD in tables and mean Ϯ SE in figures for clarity.
RESULTS
High-energy phosphate compounds and intracellular pH.
At rest, the [PCr], [Pi] , and [ADP] were 32 Ϯ 3 mM, 2.9 Ϯ 1.4 mM, and 14 Ϯ 7 M, respectively, while resting pH was 7.04 Ϯ 0.05, and these values did not significantly differ between conditions (P Ͼ 0.05). As documented in Table 2 , the metabolic response before circulatory occlusion was remarkably similar between FF and RH conditions (P Ͼ 0.05) and then differed significantly by the end of exercise. Unlike PCr kinetics at the offset of exercise. Changes in PCr dynamics during the recovery period in FF and RH conditions are displayed in Fig. 2 . PCr resynthesis rate (Vi, Table 3 ) was significantly faster in RH compared with FF (P Ͻ 0.05) and was associated with an enhanced estimated mitochondrial ATP synthesis rate (V max , P Ͻ 0.05).
Blood flow and tissue oxygenation. Mean changes in blood flow, vascular conductance, and convective O 2 delivery dynamics during the recovery period in FF and RH conditions are displayed in Fig. 3 . Blood flow (P Ͻ 0.01), vascular conductance (P Ͻ 0.05), and convective O 2 delivery (P Ͻ 0.01) area under the curve (AUC) were significantly greater in RH than FF. This increase in blood flow with RH resulted in a faster reoxygenation ( Fig. 4A; Table 4 ) as indicated by the reduction in the time constant (Tau) of TOI kinetics (P Ͻ 0.05). Accordingly, the mean response time was significantly faster in RH (P 4B) as indicated by the shorter mean response time (P Ͻ 0.05, Table 5 ) brought about by a shorter time constant and a tendency for a reduced TD (P ϭ 0.08, Table 5 ). The estimated capillary blood flow was also significantly increased in RH (Fig. 5) as indicated by the higher AUC in RH compared with FF (P Ͻ 0.05). Central hemodynamics. Unlike MAP (100 Ϯ 9 mmHg in FF and 112 Ϯ 9 mmHg in RH, P Ͻ 0.05), which was significantly increased, other central hemodynamic variables such as stroke volume (122 Ϯ 23 ml in FF and 112 Ϯ 9 ml in RH), cardiac output (9.5 Ϯ 2.8 liters in FF and 9.1 Ϯ 0.5 liters in RH), and HR (77 Ϯ 12 beat/min in FF and 79 Ϯ 6 beat/min in RH) were similar between FF and RH conditions at the end of the exercise.
DISCUSSION
Utilizing an integrative approach, this study sought to determine whether an increase in convective O 2 delivery induced by superimposing a period of brief ischemia during exercise would positively affect capillary blood flow, tissue reoxygenation, and ultimately peak mitochondrial respiration rate estimated in vivo in young untrained humans. The main findings were that the release of brief circulatory occlusion at the offset of plantar flexion exercise 1) substantially increased convective O 2 delivery and capillary blood flow in muscle, 2) was associated with a faster tissue reoxygenation, and 3) considerably increased muscle PCr resynthesis and estimated peak mitochondrial respiration rates. Together, these findings reveal that an increase in convective O 2 delivery enhanced mitochondrial function in the plantar flexor muscles of young untrained adults and, therefore, casts doubt on the truly "maximal" nature of this assessment. Increased convective O 2 transport and tissue oxygenation after circulatory occlusion. This study documented that, upon release, a brief period of circulatory occlusion superimposed an RH on the originally monoexponential recovery response of blood flow (FF), resulting in a 77% increase in convective O 2 delivery (Fig. 6 ). Both limb blood flow and vascular conductance AUC were substantially enhanced (75% and 86%, respectively, Fig. 3 ). In addition, capillary blood flow increased (ϩ65%, Fig. 6 ) as well as the tissue reoxygenation assessments made with NIRS (Fig. 4) . Specifically, both TOI and HHb mean response times were accelerated (from ϳ70 to ϳ25 s), implying an improved match between O 2 supply and the metabolic demand. Although utilizing a somewhat different paradigm, in agreement with these findings, it has previously been documented that circulatory occlusion during a prior exercise resulted in faster muscle blood flow and O 2 consumption kinetics at the onset of the second exercise bout (13, 40) .
There are likely several mechanisms responsible for this increased muscle O 2 delivery post cuff occlusion; however, probably the most significant is the impact of the accumulation of vasoactive metabolites and the subsequent reduction in vascular tone during the circulatory occlusion. Indeed, endexercise [Pi] was significantly higher in RH compared with the FF condition, while in addition, although not significant, endexercise pH tended to be lower in RH (ϳ6.96 in FF and 6.92 in RH). Considering that pH is expressed on a logarithmic scale, this greater accumulation of [H ϩ ] could still be physiologically meaningful in this context, as [H ϩ ] is a potent vasodilator (5). There is also accumulating evidence suggesting that a decrease in intravascular PO 2 can modulate vascular smooth muscle tone by serving as a trigger for the release of vasodilatory substances (i.e., ATP) by the erythrocytes (12) . In support of this, although not statistically significant, the end exercise TOI tended to be lower (ϳ55% in FF and ϳ50% in RH) and deoxyhemoglobin higher (ϳ42 M in FF and ϳ45 M in RH), as measured by NIRS, in RH compared with FF.
Of note, the increased muscle O 2 delivery induced by the cuff release was preceded by a period of exercise. Therefore, it is likely that the aforementioned factors were instrumental in appropriately directing the greater O 2 supply to regions that were most challenged by the exercise and therefore had the greatest need to restore phosphorylation potential through mitochondrial respiration. This phenomenon of appropriately "targeting" the post cuff occlusion blood flow response was very likely involved in the impressive improvement in respiration rate achieved by this approach (Fig. 6) .
Evidence that mitochondrial function is limited by convective O 2 transport. According to our hypothesis, enhanced convective O 2 delivery and capillary blood flow resulted in elevated tissue reoxygenation, which ultimately increased inferred peak mitochondrial respiration rate (V max ) by 43% as estimated using an allosteric model of respiratory control by ADP (Fig. 6) . Such findings confirm previous results comparing in vitro measurements of mitochondrial capacity with systemic measurement of O 2 consumption, which suggested an excess capacity of mitochondrial respiration during peak-effort leg cycling (3) . This improvement in mitochondrial function is remarkable considering that the value reached during the RH condition is relatively close to that previously documented in the plantar flexor muscles of endurance-trained runners (ϳ44 mM/min) (26) and cannot be attributed to differences in endexercise metabolic state (36, 47) or exercise intensity (49) . Somewhat in contrast, the PCr recovery time constant in RH was not significantly different (P ϭ 0.22). However, this is likely related to the rather contrasting end-exercise condition in RH and FF (Table 2) , which is known to affect the offset time (25, 47) , making the interpretation of this index more difficult. Interestingly, prior studies using hyperoxic gas mixtures to increase the O 2 gradient from blood to muscle have consistently been unable to improve mitochondrial function in sedentary individuals (22, 34) . These findings were interpreted as evidence that the peak mitochondrial respiration rate estimated in vivo was mostly determined by mitochondrial capacity rather than O 2 supply, which, initially, appears contradictory to the current findings. However, it should be kept in mind that the pathway for O 2 from the ambient air to the mitochondria involves several interrelated components (ventilation, pulmonary diffusion, circulation, tissue diffusion, and mitochondrial respiration) that determine O 2 flux (54). In these prior studies, O 2 supply was altered predominantly by an increase in blood PO 2 , whereas in the present study convective O 2 delivery was manipulated (Fig. 6) . Also, issues that should not be overlooked when using hyperoxic/hypoxic gas mixture are the adaptations in ventilation (2) and blood flow responses (30) , as a function of blood gas carriage, that may limit changes in O 2 availability in the tissue. It is also noteworthy that the magnitude of the change in O 2 delivery observed here (ϩ77%) is quite remarkable compared with the increase in O 2 supply previously reported using the hyperoxic gas mixture approach [11% (30) ]. Therefore, due, at least in part, to the magnitude of the change in O 2 delivery achieved by this RH approach, the current findings extend prior results by revealing the importance of bulk convective O 2 transport vs. simply raising PO 2 in determining peak metabolic rate in sedentary individuals.
The rather contrasting effects of an increased blood flow following circulatory occlusion, in the present study, and lack of an effect of increased PO 2 , both documented in sedentary individuals (22, 34) , are particularly intriguing considering the well-established O 2 supply dependence of endurance-trained athletes (20) . This raises the question whether fitness status affects the mechanism that dictates the O 2 supply dependence of mitochondrial respiration. The explanation for this apparent lower sensitivity in sedentary individuals to changes in O 2 availability may originate from lower muscle O 2 diffusing capacity and/or greater perfusion-metabolism mismatch. For instance, aerobic exercise training has been documented to reduce muscle fiber size (18) and to increase capillary density (42) . These adaptations can cause a rapid improvement in muscle O 2 diffusing capacity (45) , which can be up to fourfold greater in fit individuals (30) compared with their sedentary counterparts (45) . Such improvements in peripheral O 2 transport capacity are also accompanied by training-induced increases in mitochondrial respiratory capacity (10) . Together, the concomitant improvement of muscle O 2 diffusion and mitochondrial capacity likely combine to increase mitochondrial respiration O 2 content sensitivity. Accordingly, even a small increase in intracellular PO 2 would directly translate into an improved respiration rate in endurance-trained athletes.
In contrast, it is likely that sedentary individuals exhibit a poor coupling between tissue perfusion and metabolism (27) . In this regard, the effects of circulatory occlusion on mitochondrial function might originate from an improvement in O 2 delivery in poorly perfused areas. Indeed, the accumulation of vasoactive metabolites and reduced transmural pressure during the circulatory occlusion may have reduced the vascular tone, predominantly in the microvasculature near the active fibers, improving the regional match between muscle perfusion and metabolism when blood flow was restored. In light of these findings, it appears that the mechanisms by which O 2 avail- ability is altered (blood flow or O 2 content) can differentially affect mitochondrial function depending on an individual's "physical fitness." It is interesting to note that consistent with previous studies (1, 14, 52 ), the overall kinetics of muscle blood flow appeared to be slower than the kinetics of PCr (a proxy for muscle V O 2 ), which one could consider as indirect evidence that the recovery of muscle V O 2 is not limited by O 2 availability. For instance, Ferreira et al. (14) reported a close correlation between the mean response time of muscle capillary blood flow and the time constant of pulmonary V O 2 postexercise. However, one should keep in mind that correlation does not necessarily imply a causal relationship. In fact, the authors, themselves, noted that the data points were widely scattered, thereby indicating a potential dissociation between the overall kinetics of capillary blood flow and muscle V O 2 . This possibility is actually supported by the results of the present study, as an increase in convective O 2 delivery during recovery from exercise improved mitochondrial function, supporting the concept that muscle blood flow limits mitochondrial respiration postexercise.
It could be argued that the dramatic increase in blood flow or convective O 2 transport achieved in the current study may not necessarily translate into an increase in tissue O 2 availability as the higher blood flow reduces transit time in muscle capillaries, leading to diminished diffusion of O 2 into the tissue (23) . In this regard, the faster deoxyhemoglobin mean response time (ϳ29 s in RH and ϳ76 s in FF, Fig. 4B ) might be viewed by some as evidence of reduced O 2 extraction in the microcirculation during the transition from exercise to rest. However, mirroring results reported at the onset of exercise, a mismatch between O 2 supply and O 2 utilization would be accompanied by an undershoot in deoxyhemoglobin (values temporarily below the resting level) and TOI (4, 48) , which is inconsistent with the monoexponential pattern in both deoxyhemoglobin and tissue reoxygenation kinetics documented here (Fig. 4) . Therefore, in combination with the higher tissue reoxygenation, these results suggest that muscle O 2 diffusion was actually preserved and O 2 availability improved by superimposing the cuff release and the subsequent increase in muscle blood flow.
In vivo compared with in vitro muscle oxidative function assessments. The postexercise recovery of PCr measured by 31 P-MRS is now commonly used as a noninvasive assessment of muscle oxidative capacity in vivo in both normal and pathological populations. However, it should, again, be kept in mind that in addition to mitochondrial density and function, this index is also likely to be influenced by O 2 and substrate availability in a given set of in vivo circumstances. Indeed, the results of the present study highlight the, apparently, direct impact of manipulating O 2 availability on mitochondrial respiratory rate. Interestingly, as already acknowledged, there appears to be a proportionality between the peak rate of oxidative ATP synthesis estimated in vivo by 31 P-MRS and the maximal rate of O 2 consumption measured in vitro in isolated mitochondria (31) and permeabilized fibers (7), both scenarios where O 2 and substrates are in excess. This relationship suggests that mitochondrial function, as assessed in vivo by 31 P-MRS, may still primarily reflect the properties of muscle mitochondria, but, although perhaps more translatable, is certainly likely to be more complex due to the in vivo approach.
Experimental considerations. Given the greater stress placed upon the anaerobic pathways during the ischemic period, one could argue that glycolytic ATP production contributed to PCr resynthesis during the recovery period in RH or a different pool of fibers with hetergeneous oxidative capacities could have been recruited during the ischemic exercise (9, 16, 39) . If this were the case, PCr recovery might be better described by a double-exponential or other higher-order function (24) . This would confound our use of the initial PCr resynthesis rate, which depends upon the assumption that PCr recovery kinetics follows a monoexponential time course, and would potentially lead to an overestimation in the calculated rate of mitochondrial respiration. Based on these concerns, we compared the effects of these two fitting strategies on the parameters of the PCr resynthesis kinetics in a subset of subjects exhibiting the greatest drop in pH during exercise. However, we did not observe a significant improvement in the fitting of the PCr recovery kinetics using a double-exponential model and, in fact, this latter model provided similar results to a singleexponential model in terms of time constant. These findings therefore rule out potential confounding effects of the anaerobic glycolysis or fiber recruitment in the current estimation of the calculated rate of mitochondrial respiration.
Clinical and methodological significance. Overall, the results presented here demonstrate that the 31 P MRS measurement of PCr recovery under conditions of altered convective O 2 delivery, manipulated by circulatory occlusion, might be a practical approach to discern metabolic and convective O 2 transport limitation in both research and clinical settings. This novel methodology appears to provide insight into the assessment of muscle function and may ultimately become a useful addition to both the study and diagnosis of skeletal muscle pathophysiology.
Conclusion. In summary, using an integrative approach, this study has documented that an increase in convective O 2 delivery induced by superimposing a period of brief ischemia during exercise was associated with a faster tissue reoxygenation and an improved match between O 2 supply and O 2 demand in the microcirculation. This increased local O 2 availability revealed that muscle mitochondrial function in young untrained subjects is limited by convective O 2 delivery rather than an intrinsic mitochondrial limitation and questions the truly "maximal" nature of this and prior assessments.
